Objective: To evaluate the effects of corticosteroids on the lower extremity muscles in boys with Duchenne muscular dystrophy (DMD) using MRI and magnetic resonance spectroscopy (MRS).
Duchenne muscular dystrophy (DMD) is a devastating form of muscular dystrophy caused by the absence of dystrophin, making muscle cell membranes fragile and susceptible to mechanical damage. 1, 2 Currently, there is no cure for the disease. Corticosteroids have been reported to slow disease progression in DMD. [3] [4] [5] [6] [7] However, the mechanism by which corticosteroids preserve muscle function in DMD is not fully understood.
Among several proposed mechanisms, corticosteroids are thought to reduce inflammation in dystrophic muscles. 8, 9 MRI, in particular T2-weighted MRI, is sensitive to alterations in muscle chemistry and structure induced by processes like damage/inflammation and fat infiltration, [10] [11] [12] [13] [14] [15] [16] [17] and therefore may have the potential to detect the effects of corticosteroid treatment on dystrophic muscles. Magnetic resonance spectroscopy (MRS) allows quantification of chemical compounds and can separate lipid and water components, allowing a more targeted investigation of skeletal muscles in DMD. [18] [19] [20] [21] The overall goal of this study was to examine the ability of MRI/MRS to detect the effects of corticosteroids on skeletal muscles in boys with DMD. The specific aims of the study were to (1) perform a cross-sectional comparison between the lower extremity muscles of 5-to 6.9-year-old boys with DMD on corticosteroids and agematched corticosteroid-naive boys, using both quantitative T2 measurements and 1 H-MRS;
(2) compare 1-year progression in intramuscular (IM) fat fraction in a subset of corticosteroidtreated and corticosteroid-naive boys; and (3) examine the effect of corticosteroid initiation on muscle T2 and fat fraction.
METHODS Participants and study design The data were collected as part of a multicenter study (Imaging DMD; http:// imagingdmd.org/) conducted at University of Florida (UF), Oregon Health & Science University (OHSU), and Children's Hospital of Philadelphia (CHOP) between September 2011 and November 2013. Appendix e-1 on the Neurology ® Web site at Neurology.org contains details of eligibility criteria as well as sources and methods of subject recruitment. To address aim 1, 15 boys with DMD (age 5-6.9 years) on corticosteroids and 15 age-matched corticosteroid-naive boys were studied. We first performed a careful characterization of the lower extremity muscles using a combination of MRI and MRS strategies, which included examination of T2 of the muscles and quantification of IM fat fraction. After MRI/MRS testing, the subjects participated in strength and functional testing. For aim 2, we measured 1-year progression in IM fat fraction in a subset of boys who remained corticosteroid-naive for 12 months, and an age-matched group of corticosteroid-treated boys. For aim 3, we collected MRI/MRS data from 16 boys with DMD (age 5-8.9 years) at baseline, 3 months, and 6 months. Five of these boys began treatment with corticosteroids after their baseline assessment while the remaining boys served as corticosteroid-naive controls. One subject in the corticosteroid treatment group did not complete the 6-month assessment because the family was unable to travel to the study site.
Standard protocol approvals, registrations, and patient consents. The study was registered on clinicaltrials.gov (NCT01484678). The institutional review boards at UF, OHSU, and CHOP approved the study. A parent or guardian of the participants provided informed written consent and each subject provided written assent before participation.
MRI/MRS acquisition. We advised all subjects to avoid any excessive physical activity beyond their normal activities for at least 3 days before magnetic resonance data collection. A detailed MRI/MRS characterization of the right lower extremity muscles was performed using 3T whole body MRI instruments (Philips [Amsterdam, the Netherlands] Achieva Quasar Dual 3T at UF, Siemens [Munich, Germany] Magnetom TIM Trio 3T at OHSU, and Siemens Magnetom Verio 3T at CHOP). We performed magnetic resonance scanning of the lower leg using an 8-channel sensitivity encoding volume receive-only knee coil (UF and CHOP) or a transmit-receive quadrature extremity coil (OHSU). We used a 2-channel FLEX surface coil (UF), a transmit-receive quadrature extremity coil (OHSU), or a body matrix array coil (CHOP) for the upper leg muscles. A previous study described the implemented MRI/MRS protocol in detail and established the reliability and reproducibility of the magnetic resonance protocols across all 3 centers. 21 In addition, a description of the data acquisition and analysis procedures is provided in appendix e-1. Briefly, the following MRI/MRS measures were used to evaluate the muscles of the lower extremity of the subjects: (1) quantitative T2 values from multi-spin echo MRI and spectroscopic relaxometry; and (2) fat fraction using single-voxel 1 H-MRS. We acquired T2weighted spin echo images (4-8 axial slices, repetition time [TR] 3 seconds, 16 echo times [TEs] 20-320 ms, slice thickness 7 mm, slice gap 3.5 mm) in the lower leg and thigh.
In addition, 2 sets of unsuppressed localized 1 H-MRS scans were acquired. To measure the relative IM fat fraction, we acquired single-voxel stimulated echo acquisition mode (STEAM) spectra (TR 3 seconds, TE 108 ms, average of 64 spectra) in both the soleus (Sol) and vastus lateralis (VL) muscles. In addition, we used spectroscopic relaxometry sequences using 1 H-MRS STEAM to quantify 1 H 2 O T 2 in the Sol (TR 9 seconds; 16 TEs 11-288 ms) and VL (TR 9 seconds; 4 TEs 11-252 ms).
Strength and functional testing. We measured isometric peak torque of the knee extensors and ankle plantar flexors of the right leg using a Biodex dynamometer (Biodex Medical Systems, Inc., Shirley, NY). The peak torque, defined as the highest value obtained out of 5 trials, was used for analysis. After strength testing, the subjects performed 3 timed functional tests that included walking/running 10 meters (10-m walk/run), climbing 4 steps (stair-climbing), and rising from the floor (supine to stand). We performed each test 3 times and the fastest trial was used for analysis. Following the timed functional tests, the subjects participated in the 6-minute walk test (6MWT). The tester instructed subjects to walk as far as possible in 6 minutes and recorded the total distance covered. A detailed description of the strength and functional testing is provided in appendix e-1.
Statistical analysis. For the cross-sectional comparisons in aim figure 1A) . Similarly, the mean T2 of thigh muscles (VL and biceps femoris long head) was lower in boys on a corticosteroid regimen, except in the gracilis (Gra) muscle (figure 1B). Spectroscopic 1 H 2 O T2 values for the VL and Sol muscles were lower in boys on corticosteroid treatment compared to corticosteroid-naive boys ( figure 2B) .
Fat fraction. The cross-sectional comparison showed lower fat fraction in both the VL and Sol muscles of boys on corticosteroid treatment compared to the muscles of corticosteroid-naive boys (figure 3B).
Over 1 year, corticosteroid-naive boys (n 5 6, age 6.4 6 0.1 years) had greater increases in fat fraction in both the VL and Sol muscles compared to boys on corticosteroid treatment (n 5 9, age 6.2 6 0.1 years, figure 3C ). Strength and functional tests. Table 1 shows strength testing results, performance on timed functional tests, and the distance covered by subjects during the 6MWT for both study groups. Boys on corticosteroid treatment showed higher knee extensor muscle strength and better performance on the 10-meter walk, supine to stand, and stair-climbing tests compared to corticosteroid-naive boys. Ankle plantar flexor peak torque and the average distance covered in 6 minutes did not differ across the 2 groups (table 1) .
Impact of initiation of corticosteroid therapy in boys
with DMD. Within 3 months of treatment with corticosteroids, mean T2 values in treated boys (n 5 5, age 6.7 6 0.6 years) tended to decrease in the Sol, MG, Per, TA, and TP muscles. More importantly, at both 3 months and 6 months, comparisons between the absolute T2 changes in naive (n 5 11, age 6.2 6 0.3years) and treated boys with DMD showed a striking difference between the 2 groups ( figure 4) . Similarly, the change in MRS-T2 of the Sol muscle from baseline differed in corticosteroidtreated boys compared to corticosteroid-naive boys at 3 months (figure e-2A), with a pronounced decline in T2 in the corticosteroid-treated boys. Fat fraction of the Sol muscle did not differ between the 2 groups at either follow-up timepoint (figure e-2B). DISCUSSION This study demonstrated that MRI/ MRS can monitor the effects of corticosteroids on the lower extremity muscles of young boys with DMD. Specifically, we found that (1) 5-to 6.9-year-old boys with DMD treated with corticosteroids had lower MRI/MRS T2 values and fat fraction in the lower extremity muscles than corticosteroid-naive boys; (2) boys on corticosteroid treatment demonstrated a slower rate of fat accumulation in the Sol and VL muscles compared to corticosteroid-naive boys; and (3) T2 by MRI and MRS decreased within 3 months of corticosteroid initiation.
MRI is an important noninvasive tool to study cardiac and skeletal muscle pathology in muscular dystrophy. [22] [23] [24] [25] [26] [27] [28] Previous MRI studies have demonstrated that dystrophic muscles have higher T2 relaxation times, 10, 11, 17 even in young boys with DMD. 15 Elevated T2 in dystrophic muscles has been linked to both the presence of muscle damage/inflammation and fatty tissue infiltration. [11] [12] [13] 25 Since the presumed mode of action of corticosteroids involves the suppression of inflammation, we examined their effects on skeletal muscle T2, using both T2 mapping and 1 H spectroscopic relaxometry. To our knowledge, there is only one previous study that used MRI techniques to study the effects of corticosteroids on skeletal muscles of boys with DMD. In that study, longitudinal assessments of T2 mapping were performed in the gluteal muscles of 5-to 15-year-old boys with DMD who started corticosteroid treatment. 29 The authors reported variability in T2 response to treatment, but the study lacked a control group of boys who were corticosteroid-naive. Cross-sectionally mean T2 derived from MRI T2 mapping was lower in both thigh and lower leg muscles of boys on corticosteroid treatment in our study. Of the muscle groups studied, the Gra muscle was the only exception. Gra is known to be one of the most preserved muscles in DMD 20, 22, 30 and hence might not reveal treatment response at such a young age. Likewise, MRS T2 was lower in the Sol and VL muscles of corticosteroid-treated boys. In addition, MRI/MRS measures detected the beneficial effects of corticosteroids on the skeletal muscles as early as 3 months after drug initiation. Collectively, these results support the proposed role of corticosteroids in reducing inflammatory processes in skeletal muscles of boys with DMD. More importantly, these findings emphasize the potential of MRI/MRS as a biomarker for the quantification of early and subtle muscle changes caused by the disease process and evaluation of therapeutic interventions in DMD.
Several studies have observed a progressive increase in IM fat content with disease progression and age in boys with DMD. 20, 23, 24 Even though we only measured the fat fraction in 2 muscles (Sol and VL) using 1 H spectroscopy, both muscles showed lower IM fat fractions in corticosteroid-treated boys with DMD compared to corticosteroid-naive boys. Most importantly, boys in the corticosteroid treatment group showed a blunted increase in fat fraction over 1 year compared to corticosteroid-naive boys (10% vs 30%-70%). These data provide the first evidence that corticosteroids not only suppress muscle inflammation in dystrophic muscles, but also slow the progressive replacement of lower extremity skeletal muscles by fatty tissue. We speculate that the reduction in fat fraction in corticosteroid-treated boys is secondary to the mitigation of inflammation at an earlier stage of the disease progression, as these boys were on a corticosteroid regimen for an average duration of ;1.5 years. We should point out that no effects of treatment were observed on fat infiltration at 3 or 6 months after drug initiation. This is likely due to an insufficient duration of corticosteroid treatment to produce any immediate beneficial effects in muscles as measured by fat infiltration.
Both MRI and MRS showed positive effects of corticosteroids on skeletal muscles. However, 6MWT distance did not show a significant difference in cross-sectional comparisons between corticosteroidtreated and corticosteroid-naive boys. Although the 6MWT has been established as a clinically meaningful outcome measure in DMD, 31 it is less sensitive in monitoring muscle response to disease progression in younger boys (,7 years old). 31, 32 The reduced sensitivity of the 6MWT in younger boys with DMD has been attributed to the fact that disease-related progressive loss of muscle strength and function might be overshadowed by normal growth and development. 31, 32 Performance on timed functional tests showed clear differences between corticosteroid-treated and corticosteroid-naive groups, suggesting that these tests may be more sensitive in young boys with DMD.
Peak torque of the knee extensors was higher in boys on corticosteroid treatment. In contrast, we did not detect a difference in the plantar-flexor peak torque, possibly due to the small group size. Previous investigations have shown longitudinal improvement in muscle strength over 6 months following initiation of corticosteroid treatment in boys with DMD, followed by stabilization of symptoms for up to 2-3 years. 4, 33 The therapeutic effects of corticosteroids in DMD are well-recognized. However, due to the risk of side effects and differences in physician practices, variations in corticosteroid use and age at initiation are common in this population. According to the Centers for Disease Control and Prevention care consideration guidelines, corticosteroid treatment should be started between the ages of 4 and 8 years once the child has reached the plateau phase in achievement of motor skills or demonstrates functional decline. 3 In aim 1 of the study, boys began taking corticosteroids at the average age of ;4 years, although the earliest was 2 years of age. Overall, the results suggested that early corticosteroid intervention helps to preserve muscle integrity in 5-to 6.9-year-old boys with DMD. However, these comparisons were not based on controlled (randomized) groupings nor did we control the participant's corticosteroid treatment regimen. Furthermore, we cannot ignore the potential side effects of corticosteroids, such as reduced immune resistance, decreased bone density, glucose resistance, and weight gain, when evaluating drug efficacy for long-term care. 7 Future longitudinal Table 1 Cross-sectional comparisons of strength and functional parameters between corticosteroid-treated and corticosteroid-naive boys with DMD studies in a larger cohort using different dosing regimens are required to more definitively investigate the effects of corticosteroid treatment on the muscles of young boys with DMD.
Overall, this study demonstrates the ability of MRI/ MRS measures to monitor the therapeutic effects of corticosteroids on skeletal muscles in young boys with DMD. Both fat fraction and muscle T2 by MRI and MRS showed distinct differences in boys treated with corticosteroids vs corticosteroid-naive boys, with a more rapid accumulation of IM fat in corticosteroidnaive boys. Importantly, the effect of corticosteroid treatment was observed within 3 months after initiation as a decrease in muscle T2, consistent with the anti-inflammatory action of corticosteroids. We propose that MRI/MRS biomarkers are valuable tools that should be included to evaluate the effects of potential therapeutic interventions in muscular dystrophies, as well as in treatment strategies that target inflammation. 
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